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Introduction
Atomically thin two-dimensional (2D) materials, including graphene, transition metal dichalcogenide monolayers and phosphorene, represent nextgeneration optoelectronic materials with advantages of mechanical flexibility, strong light-mater interaction and layer-dependent electronic structure. [1] [2] [3] [4] [5] [6] [7] [8] High-performance field-effect transistors, light-emitting diodes, photodetectors and chemical sensors have been realized on singlecomponent 2D materials and integrated Van der Waals heterostructures. [9] [10] [11] [12] [13] [14] [15] As a special category, 2D anisotropic crystals, such as phosphorene and ReX2 (X= S, Se), possess low crystal lattice symmetry that endows them with anisotropic physical properties. [16, 17] For example, polarizationdependent photoluminescence emission and Raman scattering, [18] [19] [20] anisotropic thermal and electronic conductivity, [21] intrinsic linear dichroism [22] have been demonstrated and led to device implementations toward anisotropic field-effect transistors, [13] thermoelectric devices [21] and polarization-sensitive photodetectors. [23] Tailoring optoelectronic properties of anisotropic 2D materials is pivotal to their potential applications. [24] [25] [26] [27] [28] [29] [30] Alloying of multi-component metal or chalcogen elements in TMDs provides an efficient approach for continuous tuning the bandgap of 2D materials. For example, Pan, Duan and their colleagues demonstrated that bandgap of CVD-grown MoS2(1-x)Se2x can be continuously tuned from 1.856 eV of pure MoS2 to 1.56 eV of MoSe2 by controlling the S/Se atomic ratio. [31] Our group has carried out systematic investigation on the growth, bandgap, Raman spectra and electric transport of 2D alloys, including MoS2(1-x)Se2x, Mo1-xWxSe and ReS2(1-x)Se2x. [32] [33] [34] [35] To further establish the structure-property relationship of 2D alloys, identification and quantification of elemental spatial distribution are prerequisite for understanding the local atomic coordination and physical properties. In previous reports, local coordination and elemental distribution of Mo1-xWxS2 and MoS2(1-x)Se2x have been characterized using aberration-corrected scanning transmission electron microscopy (STEM), displaying a randomly distributed of alloying atoms. [36] [37] [38] [39] [40] The random distribution of dopants in those alloys is derived from their intrinsic isotropic structure with high lattice symmetry. Compared to 2D materials with high lattice symmetry, the ReS2(1-x)Se2x alloys possess large lattice distortion, which might lead to preferential occupation of S and Se at different coordination sites and show impacts on the electronic structure of alloys.
Here, we have employed STEM characterizations for directly mapping the atomic distributions of Re, Se and S in ReS1.4Se0.6 monolayers. The annular dark-field (ADF) images with Z contrast permit identifying the Re, Se and S atoms. In ReS1.4Se0.6, Re atomic chains with diamond-shaped Re4 clusters are formed. Various atomic coordination structures and the quantification of atomic occupation at different sites were realized by analyzing the STEM images. Different from the previous reported results of Mo1-xWxS2 and MoS2(1-x)Se2x with randomly distributed alloying atoms, the distribution of S and Se atoms shows an obvious difference at different coordination sites. Further DFT calculations evaluated the energy for substitution of S with Se at different sites, which is well consistent with the experimental results. According to the calculations, the different coordination structures also show different electronic bandgap.
Experimental
Preparation of ReS1.4Se0.6 alloys. ReS1.4Se0.6 single-crystal bulks were synthesized by chemicalvapor transport method by reaction at 1030 o C for 10 days in evacuated quartz ampoules. [41] The stoichiometric mixture of elements (Re, S, Se) was added into a quartz ampoule and evacuated to a pressure of 10 −6 Torr and sealed. Br2 was used as transport agent to carry the elements. The ReS1.4Se0.6 monolayers were prepared by mechanical exfoliation of the single crystals.
Characterizations. STEM characterization was performed on a JEOL 2100F TEM with double DELTA corrector operated at 60 kV. The convergent angle for illumination is about 35 mrad, with a collection detector angle ranging from 62 to 200 mrad. The STEM samples were prepared by transferring the exfoliated ReS1.4Se0.6 monolayer flakes onto quantifoil TEM grids by an isopropanolassisted direct transfer method. [42] The TEM grid was aligned with the monolayer region. A small droplet of isopropyl alcohol (IPA) was then dropped to the TEM grid and wait until dried. The SiO2/Si substrate was then etched away by HF solvent, leaving the free-standing monolayer attached on the TEM grid. DFT calculations. All calculations were performed with plane wave pseudo-potential code (CASTEP). [43] A 30 Å of vacuum is inserted between the monolayers to give an energy convergence of less than 0.01 eV. The structure is fully relaxed until the residual force is less than 0.02 eV/Å. The lattice constants are not fixed to allow fully relaxation at high doping concentrations. A 5×5 Monkhorst-Pack grid is used for reciprocal space integration of primitive cell. The default ultra-soft pseudopotentials are used with cut-off energy of 500 eV. Different density functionals including local density approximation, PBE-style generalized gradient approximation, and screened exchange hybrid density functionals were tested to give similar results (formation energy and band structure). The similar parameters were used as in our previous works on other 2D materials. [44, 45] The screened exchange hybrid functional [46] results are presented in the paper. The screened exchange hybrid functional mixes a Thomas-Fermi screened Hartree-Fock exchange into the local-density approximation (LDA), thus improving the accuracy of band structure calculations. [46] The van der Waals interaction was included empirically as in TS scheme. [47] Results and discussion Typical ReX2 (X=S, Se) crystals are consisted by two buckled chalcogen-atom layers and an intercalated rhenium layer with zigzag atomic chains arising from Peierls distortion of the 1T structure. A representative STEM image of ReS1.4Se0.6 monolayer is shown in Fig. 1(a) . The brightest spots are Re atoms, while the less bright spots are Se atoms. In our case, S atoms are slightly visible due to its smaller atomic number. Re atoms in ReS1.4Se0.6 are organized into one-dimensional (1D) zigzag atomic chains, which is consistent with the distorted 1T structure of ReS2 and ReSe2. Typical ReX2 (X=S, Se) crystals are consisted by two buckled chalcogenatom layers and an intercalated rhenium layer with zigzag atomic chains arising from Peierls distortion of the 1T structure. The Re chains constructed by diamond-shaped Re4 clusters (marked by red line in Fig 1(a) ) is defined as direction of b axis, while a axis is ca. 119.8 o from b axis. The composition of ReS1.4Se0.6 alloy was further validated by energy dispersive X-ray spectrum (EDS) analysis. As shown in Fig. 1(f) , the peaks at 1.38, 2.31, 8.65 and 11.22 keV can be assigned to Se Lα, S Kα, Re Lα and Se Kα bands, respectively, which confirms the elemental composition of ReS1.4Se0.6 monolayer. The atomic ratio of S/Se is determined to be 70/30, which is well consistent with the predesigned stoichiometry in the growth of single crystals.
To analyze the local atomic coordination structure of ReS1.4Se0.6, a zoom-in STEM image is shown in Fig. 1(b, d) and the corresponding atomic structure is shown in Fig. 1(e marked as orange and blue regimes in Fig. 1(b) . Fig.  1(c) depicts the section profile along the orange and blue lines, indicating different STEM intensity for S and Se atoms. In this regime, Se atoms preferentially occupy the sites between two Re atomic chains (marked as blue), while the sites located in the Re4 chains (marked as orange) possess low Se density. According to the STEM result in Fig. 1(a) , the local atomic coordination structure in ReS2(1-x)Se2x alloys is analyzed based on the coordinated chalcogen atoms around the diamond-shaped Re4 units. To further quantify the distribution of S and Se atoms in ReS1.4Se0.6, we performed a statistical analysis on the distribution of the S/Se atoms at various alloyed sites within a larger region. Different S/Se sites with different bonding conditions in the Re4 unit cell is marked with site numbers of 1 to 8 in Fig. 3(a) . The data analysis was carried out using custom-written Matlab (MathWorks) code for extracting the S/Se concentration at different coordination sites (Details shown in Supporting Note S1, Fig. S2, S3) . Note that the low-intensity vacancies could be counted as S atoms in our analysis, but the low vacancy concentration in highquality 2D crystals leads to the limited impacts on the accuracy of quantity of S and Se atoms at different sites [48] [49] [50] . The statistic result of a representative region is shown in Fig. 3(b) . Since the intensity is directly related to the atomic number of the atomic specie, the number of S and Se occupations can be approximately separated in the intensity distribution for each site (Fig. 3b) . The identification of S and Se was performed by fitting the intensity profile of different coordination sites with two individual Gaussian distribution. To obtain the S and Se coordination structure in ReS1.4Se0.6, we performed analysis on 5 different STEM images captured at different samples. The statistical results are shown in Fig. 3(c) . For site 1-8, S and Se percentages are about (78%, 22%), (80%, 20%), (72%, 28%), (72%, 28%), (64%, 36%), (64%, 36%), (73%, 27%) and (65%, 35%). Note that sites 1/2 possess obviously higher percentages of S atoms while sites 5/6 possess obviously higher percentages of Se atoms.
To gain further insights into the alloying behavior of ReS1.4Se0.6, we carried out DFT calculations on stability and electronic structure of different Se/S coordination configurations. Owing to the inversion symmetry in the ReS1.4Se0.6, eight different sites marked in Fig. 3(a) can be categorized as 4 sets (Fig. 4(a) ). That is, Se atoms substitution of S atoms at sites of 1/2, 3/4, 5/6, and 7/8. We chose the site with minimum energy for Se substitution, site 5/6, to be the reference state (0 eV) (Fig. 4(b) ). The energy of each site is defined as the energy difference between each site and site 5/6. The 5/6 site has the largest volume compared due to the asymmetry geometry of ReS2 cell so that it is easier to accommodate the larger Se atom. This is consistent with observed lowest S occupation (i.e., highest Se occupation) in STEM images. Higher energy is needed for Se substitution at other sites, for example, 57, 26, 9 meV for substitution sites of 1/2, 3/4 and 7/8, respectively (Fig. 4(b) ). According to the DFT-calculated energy, we further calculated the Se relative occupation probability and percentage at each sites at the growth temperature of 1303 K (Detailed methods shown in Supporting Note S2). The calculated Se percentages at different coordination sites match well with the experimental results (further comparison in the Table S1 ).
Band structure of ReS1.4Se0.6 alloys with different local atomic coordination was further calculated. Representative electronic band structure with Se substitution at sites 1/2, 3/4, 5/6, and 7/ 8 are shown in Fig. 4(c) and 4(d) inset. ReS1.4Se0.6 alloys with different atomic coordination possess similar indirect bandgap. For Se substitution at 1/2, 3/4, 5/6 and 7/8 sites, the bandgap are calculated to be 1.37, 1.42, 1.46, 1.41 eV, respectively (Fig. 4(d) ). This suggests that preferential occupation of Se at sites 5/6 leads to a slightly higher bandgap. Preferential occupation of one component has been observed in other alloys and leads to the property engineering different from perfect random alloys. [51] [52] [53] Due to anisotropic nature of the X site in ReX2, other doping elements other than S/Se, such as Te, O and so on, are also expected to have preferred occupations and new properties can be expected.
Conclusions
Different from randomly distribution of alloying elements in the Mo1-xWxS2 or MoS2(1-x)Se2x, Se atoms preferentially occupy the sites located between Re chains in anisotropic ReS1.4Se0.6 from STEM imaging and DFT calculation. Owing to the low-symmetry structure of ReS2(1-x)Se2x alloys and hence unequivalent S/Se sites, preferential S/Se occupations have an effect on the electronic bandgaps. This work provides fundamental understanding the atomic structure and electronic structure on anisotropic 2D ReS2(1-x)Se2x materials.
